OBSERVATION {#s1}
===========

The U.S. Centers for Disease Control and Prevention (CDC) has estimated that 20% of antibiotic-resistant infections in the United States are attributable to agricultural use of antibiotics ([@B1][@B2][@B3]). The majority of antibacterial agents (including ionophores) purchased in the United States have been for use in agricultural settings (15.4 million kg, or 80% of the U.S. annual total in 2014) ([@B1], [@B4]). The use of such agents causes selective pressure, favoring the survival of antibiotic-resistant bacteria and the spread of resistance-conferring genes among livestock ([@B5]).

Most of the scientific focus on antibiotic resistance in agriculture has been on livestock and meat products ([@B6][@B7][@B9]). However, the plant phyllosphere (leaf surface) and rhizosphere (root system) serve as habitats for environmental microbiota and as hosts of pathogenic plant and animal bacteria ([@B10]). Acinetobacter baylyi, a relative of the clinically important and highly antibiotic-resistant human pathogen Acinetobacter baumannii, is a nonpathogenic lettuce colonizer ([@B10], [@B11]). A. baylyi has recently been shown to transfer DNA to diverse bacteria through the secretion of vesicles loaded with plasmid DNA into the environment ([@B12], [@B13]). Gene transfer is thus carried out by non-conjugation-mediated mechanisms that allow broader transmission of plasmids ([@B12], [@B14]). Acinetobacter species are highly pertinent to the issue of multidrug resistance, making A. baylyi a potential vehicle for mediating transfer of antibiotic resistance genes from agriculture to mammals ingesting plants ([@B15]).

Horizontal transfer of genetic information has been well studied for transfer of genes between pathogenic bacteria and within environmental communities as well ([@B16]). A thorough review of resistant plasmid characteristics within *Enterobacteriaceae* has recently been published by Partridge et al. ([@B17]). However, the transfer of genes from nonpathogenic to pathogenic bacteria deserves more attention ([@B12], [@B18]). We hypothesize that environmental bacteria that colonize produce may serve as platforms for the persistence of antibiotic-resistant bacteria and for the horizontal transfer of antibiotic resistance genes to the mammalian gut microbiome.

 {#s2}

*In vitro* transfer of antibiotic resistance genes. {#s2.1}
---------------------------------------------------

We tested whether transfer of an antibiotic resistance gene could be observed *in vitro* from the A. baylyi donor strain Ab^zeoR^ to a panel of candidate Escherichia coli clinical isolates that was composed of both extended-spectrum beta-lactamase (ESBL)-producing and non-ESBL-producing isolates ([Table 1](#tab1){ref-type="table"}; also, see [Fig. S1](#figS1){ref-type="supplementary-material"} and [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). *In vitro* cocultures were first performed in liquid broth and then enumerated on doubly selective agar plates. Dual antibiotic resistance emerged, confirming successful transformation of numerous strains ([Table 1](#tab1){ref-type="table"}; also, see [Fig. S1A](#figS1){ref-type="supplementary-material"}). Some spontaneous mutations were also observed in other recipient strains (56663C and 56307C) in broth cocultures that mimicked the phenotype of dual resistance but were not caused by plasmid transmission ([Fig. S1A](#figS1){ref-type="supplementary-material"}). There was no statistically significant difference between the frequencies of dual resistance in broth among the ESBL-producing and non-ESBL-producing recipients (Mann-Whitney test, *P* \> 0.05).

###### 

*In vitro* and *in planta* lettuce coculture with Ab^zeoR^

  Condition                  E. coli recipient   ESBL[^*a*^](#ngtab1.1){ref-type="table-fn"}   Avg frequency of dual resistance   PCR confirmation
  -------------------------- ------------------- --------------------------------------------- ---------------------------------- ------------------
  *In vitro* + broth         DH5αC               N                                             1.45E−05                           Positive
  *In vitro* + broth         JJ2528              Y                                             1.67E−06                           Positive
  *In vitro* + broth         267-18-50927        Y                                             3.53E−07                           Positive
  *In vitro* + broth         330-18-62584        Y                                             2.83E−07                           Positive
  *In vitro* + broth         56428               Y                                             1.24E−01                           Positive
  *In vitro* + broth         56307C              N                                             1.12E−06                           Positive
  *In vitro* + broth         56459C              N                                             4.91E−07                           Positive
  *In vitro* + broth         56303C              N                                             8.04E−07                           Positive
  *In vitro* + broth         56663C              N                                             2.68E−07                           Positive
  *In vitro* + broth         JJ1886              Y                                             9.85E−07                           Negative
  *In vitro* + broth         JJ2555              Y                                             7.17E−07                           Negative
  *In vitro* + broth         267-19-46076        Y                                             8.92E−02                           Negative
  *In vitro* + broth         267-19-44723        Y                                             8.04E−07                           Negative
  *In vitro* + agar          JJ2528              Y                                             3.54E−05                           Positive
  *In vitro* + agar          56428               Y                                             5.88E−01                           Positive
  *In vitro* + agar          56307C              N                                             7.44E−05                           Positive
  *In vitro* + agar          56663C              N                                             1.14E−05                           Negative
  *In planta* + sterile      JJ2528              Y                                             8.78E−07                           Positive
  *In planta* + sterile      56428               Y                                             3.38E−04                           Negative
  *In planta* + sterile      56307C              N                                             2.61E−08                           Negative
  *In planta* + sterile      56663C              N                                             1.01E−07                           Positive
  *In planta* + nonsterile   JJ2528              Y                                             1.61E−05                           Positive
  *In planta* + nonsterile   JJ1886              Y                                             6.58E−09                           Positive
  *In planta* + nonsterile   56428               Y                                             0                                  Not applicable
  *In planta* + nonsterile   56307C              N                                             0                                  Not applicable
  *In planta* + nonsterile   56663C              N                                             0                                  Not applicable
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N, no; Y, yes.
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Donor strain Ab^zeoR^ and recipient E. coli were cocultured *in vitro* in broth (A) or on agar (B) for horizontal gene transfer. Parent recipient strains without the target plasmid were isolated from singly selective plates. Horizontal gene transformant (with the superscript "zeoR") isolates were collected from doubly selective plates. Recipient monocultures were also collected from doubly selective plates to verify the spontaneous mutants (SM). Plasmid DNA were extracted, PCR amplified for the zeocin resistance gene, and visualized. Pure pMU125_zeoR served as a positive (+) control. The *Taq* polymerase, primers, and water were run as a negative (-) control. Download FIG S1, TIF file, 2.4 MB.
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Bacterial strains used in this study. Download Table S1, DOCX file, 0.01 MB.
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Of the positive PCR confirmed strains, the 2 ESBL-producing and 2 non-ESBL-producing strains with the highest frequencies of dual resistance in broth were selected for *in vitro* agar cocultures. Frequencies of dual antibiotic resistance in agar cocultures were documented ([Table 1](#tab1){ref-type="table"}) for the 3 confirmed transformant strains, JJ2528^zeoR^, 56428^zeoR^, and 56307C^zeoR^ ([Fig. S1B](#figS1){ref-type="supplementary-material"}). There was no statistically significant difference in the frequencies of dual resistance in liquid-broth versus solid-agar cocultures between the 4 candidate strains (Mann-Whitney test, *P* \> 0.05). Thus, the 2 ESBL-producing and 2 non-ESBL-producing strains with the highest frequencies of dual resistance in broth coculture were also selected for *in planta* horizontal gene transfer studies.

*In planta* transfer of antibiotic resistance genes. {#s2.2}
----------------------------------------------------

In order to confirm that our model was applicable to the transmission of antibiotic resistance genes on produce, we tested whether horizontal gene transfer could take place on the surface of sterile and nonsterile lettuce leaf discs. Frequencies of dual resistance from coculture on lettuce were generally lower than the results from *in vitro* conditions ([Table 1](#tab1){ref-type="table"}). Strains 56428 and 56307C were confirmed for plasmid uptake *in vitro* but not *in planta*, suggesting that the frequency of plasmid transfer events is negatively affected by the nutrient-depleted leaf surface ([Table 1](#tab1){ref-type="table"} and [Fig. S1](#figS1){ref-type="supplementary-material"}). However, 56663C had similar frequencies of dual antibiotic resistance in broth and on sterile lettuce tissue but no plasmid transmission on agar and nonsterile lettuce. To test if the absence of plasmid transfer *in vitro* correlated with an absence of plasmid transfer *in planta*, we tested JJ1886 on nonsterile lettuce as well to model environmental transmission. Surprisingly, JJ1886 demonstrated plasmid uptake on nonsterile lettuce despite demonstrating no *in vitro* broth plasmid transmission ([Table 1](#tab1){ref-type="table"} and [Fig. S2B](#figS2){ref-type="supplementary-material"}). JJ2528 demonstrated successful transformation in all *in vitro* and *in planta* conditions ([Table 1](#tab1){ref-type="table"}, [Fig. S1A](#figS1){ref-type="supplementary-material"} and [B](#figS1){ref-type="supplementary-material"}, and [Fig. S2A](#figS2){ref-type="supplementary-material"} and [B](#figS2){ref-type="supplementary-material"}). Thus, transformant JJ2528^zeoR^ was selected for the *in vivo* model system. No statistically significant difference was found between the *in planta* frequencies of dual resistance of ESBL- and non-ESBL-producing strains on sterile and nonsterile lettuce (Mann-Whitney tests, *P* \> 0.05).
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Donor-recipient combinations were inoculated onto sterile (A) and nonsterile (B) BCL leaf discs, and plasmid transmission events were PCR confirmed. Parent recipient strains without the target plasmid were isolated from singly selective plates. Horizontal gene transformant (with the superscript "zeoR") CFU isolates were collected from doubly selective plates. Plasmid DNA were extracted, PCR amplified for the zeocin resistance gene, and visualized. Pure pMU125_zeoR served as a positive (+) control. The *Taq* polymerase, primers, and water were run as a negative (-) control. Download FIG S2, TIF file, 1.9 MB.
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*In vivo* colonization of mice by transformant E. coli and horizontal gene transfer in the mouse gut microbiome. {#s2.3}
----------------------------------------------------------------------------------------------------------------

We then sought to determine whether transformant E. coli from the *in planta* experiment could colonize the mammalian gut. Mice were placed on a 4-day clindamycin regimen to mimic short-course antibiotic treatment in humans. Transformant JJ2528^zeoR^, isolated from the *in planta* experiment, was cultured and homogenized with lettuce tissue. The lettuce homogenate containing E. coli JJ2528^zeoR^ was then fed to mice by oral gavage, and fecal samples were collected on days −2, 0, 1, 2, and 5. Pretreatment and preinfection controls (days −2 and 0) demonstrated no background target antibiotic resistance ([Fig. 1A](#fig1){ref-type="fig"}). Days 1, 2, and 5 resulted in 50% (*n* = 3/6), 66.67% (*n* = 4/6), and 83.33% (*n* = 5/6), respectively, of mice being colonized with bacterial strains dually resistant to ampicillin and zeocin. PCR confirmed the presence of pMU125_zeoR in the mouse feces up to 5 days postinfection ([Fig. S3](#figS3){ref-type="supplementary-material"}). Additionally, *in vivo* transfer of the plasmid to resident Klebsiella pneumoniae, identified by differential culture on CHROMagar medium and confirmed by 16S sequencing, was also observed ([Fig. 1B](#fig1){ref-type="fig"}).

![*In vivo* colonization of transformed E. coli and horizontal gene transfer in the mouse gut. (A) Mice (*n* = 12) were treated with 200 μl of 100 mg/kg clindamycin once daily from day −2 to 1. On day 0, mice were orally gavaged with lettuce homogenate with or without 10^7^ CFU E. coli JJ2528^zeoR^. Fecal samples were plated on doubly selective plates for CFU enumeration. The limit of detection was 10^3^ CFU/g stool (dotted line). (B) Eleven CFU isolates were selected for species confirmation via CHROMagar plating and 16S rRNA sequencing. E. coli JJ2528^zeoR^ and E. coli DH5α^ampR^ served as positive (+) and negative (-) controls, respectively. Horizontal gene transmission resulted in antibiotic-resistant K. pneumoniae. Both E. coli and K. pneumoniae persisted through day 5 in the mouse gut. NA, not applicable; KESC, *Klebsiella*, *Enterococcus*, and *Citrobacter*; EC, E. coli; KP, K. pneumoniae.](mSphere.00329-20-f0001){#fig1}
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Eleven CFU isolates were selected from the doubly selective mouse stool plating for plasmid DNA confirmation. Plasmid DNA were extracted, PCR amplified for the zeocin resistance gene, and visualized. E. coli JJ2528^zeoR^ and E. coli DH5α^ampR^ served as positive (+) and negative (-) controls, respectively. Download FIG S3, TIF file, 1.2 MB.
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We found that the transfer of antibiotic resistance genes can occur between bacterial colonizers of plants and the mammalian gut microbiome via ingestion, during the course of antibiotic treatment. These results highlight the potential contribution of plant foods to the spread of antibiotic resistance. This potential is underscored by the estimated 258.2 million patients prescribed oral antibiotics every year in the United States alone, which could exacerbate the risk of harboring antibiotic resistance genes from bacteria acquired via produce ([@B19]).

We showed that the majority of the pathogenic E. coli isolates were able to receive the plasmid from the nonpathogenic donor Ab^zeoR^ in broth (*n* = 8/12) and on agar (*n* = 3/4) *in vitro* cocultures. However, there were considerable differences in the frequencies of dual resistance ([Table 1](#tab1){ref-type="table"}). Furthermore, some strains were better able to receive zeocin resistance under artificial *in vitro* conditions, while other strains did so more effectively on the leaf surface. The lower rates of horizontal gene transfer observed on the lettuce leaves may be due to nutrient-limited stress conditions adversely affecting the fitness and physiology of the recipient bacteria ([Table 1](#tab1){ref-type="table"} and [Fig. S2](#figS2){ref-type="supplementary-material"}). Nevertheless, it is possible for antibiotic resistance mobile genes to spread from a nonpathogenic, environmental species to both ESBL- and non-ESBL-producing E. coli on crops. These results underscore the complexity of environmental transfer of antibiotic resistance and highlight the need for more research in this space to determine the drivers of resistance spread under environmental conditions.

While pMU125_zeoR is a laboratory plasmid, we selected it due to the absence of zeocin resistance in the candidate recipient strains and the low frequency of preexisting zeocin resistance in the mouse gut. We have thus established a novel system using Ab^zeoR^ to demonstrate horizontal gene transfer on leaf tissue. An important next step would be to apply this model to naturally occurring plasmids.

In conclusion, while most One Health attention has been on the potential for antibiotic resistance transmission from livestock and contaminated meat products to people, plant foods are fundamental to the food chain for meat eaters and vegetarians alike. Further research into the transmission of antibiotic resistance from plant foods to mammals is needed.

Bacterial strains and growth conditions. {#s2.4}
----------------------------------------

Bacterial strains used in this study are listed in [Table S1](#tabS1){ref-type="supplementary-material"}. The recipient E. coli strains are all clinical isolates and were randomly selected to include representation by ESBL- and non-ESBL-producing isolates. E. coli strains were grown in tryptic soy broth (TSB; VWR International, 90000-378) at 37°C and 200 rpm or on tryptic soy agar (TSA; VWR International, 90000-786) plates without shaking. A. baylyi was grown in TSB at 30°C and 200 rpm or on TSA plates without shaking unless noted otherwise. One hundred microliters of both the donor and recipient overnight cultures were cocultured in 10 ml of TSB for 2 h at 37°C and 200 rpm. For coculture experiments, the numbers of CFU of donor, recipient, recipient spontaneous mutant, and coculture were determined by culturing on eosin-methylene blue (EMB) (89405-430; VWR International) agar with 25 μg/ml zeocin (ZEO) (R25001; Thermo Fisher Scientific), 100 μg/ml ciprofloxacin (CIP) (AAJ61317-14; Fisher Scientific), or 25 μg/ml ZEO plus 100 μg/ml CIP.

Construction of the A. baylyi donor strain Ab^zeoR^. {#s2.5}
----------------------------------------------------

pMU125 is a broad-host-range shuttle vector. pMU125 is a low-copy-number plasmid in A. baylyi and a high-copy-number replicon in E. coli ([@B13], [@B20]). One hundred nanograms of pMU125_zeoR was transformed into 100 μl of A. baylyi ADP1 by electroporation at 1.8 kV, and the bacteria were incubated in Super Optimal broth with catabolite repression medium (SOC) (B9020S; New England BioLabs) for 1 h at 37°C and 200 rpm. Transformants were selected on EMB agar with 100 μg/ml ampicillin (AMP) (A9518; Sigma-Aldrich) plus 50 μg/ml ZEO. Successful transformation of Ab^zeoR^ was verified by plasmid DNA purification and visualization as described below.

Detection of plasmid transfer. {#s2.6}
------------------------------

Recipient monococultures were plated on doubly selective EMB agar plates (100 μg/ml CIP plus 25 μg/ml ZEO) for 48 h at 37°C to account for spontaneous mutants. Coculture CFU that grew on doubly selective plates were indicative of plasmid transfer events. Transfer was confirmed by plasmid purification and PCR. One colony was selected at random per successful coculture condition. Plasmid DNA was harvested from overnight cultures of bacteria, and DNA was purified using the GeneJET plasmid miniprep kit (K0502; Thermo Scientific) per the manufacturer's protocol. PCR amplification was performed with gene-specific primers targeting the Streptoalloteichus hindustanus *ble* gene (confers zeocin resistance) ([Table S2](#tabS2){ref-type="supplementary-material"}). Plasmid DNA was separated by gel electrophoresis and visualized by SYBR Safe on a gel imager. The frequency of dual antibiotic resistance in coculture was calculated by dividing the transformant density (CFU per milliliter) (coculture with double selection) by the recipient input (CFU per milliliter).
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*In vitro* coculture experiment. {#s2.7}
--------------------------------

The *in vitro* coculture experiment was designed as a selection process for candidate recipient strains that would most likely model successful horizontal gene transfer in downstream *in planta* and *in vivo* work. The Ab^zeoR^ donor strain and E. coli recipient strains were grown overnight in TSB as described above ([Table 1](#tab1){ref-type="table"}). Each *in vitro* donor-recipient pair was used in 3 biological replicates. The donor and recipient inocula were quantified by plating serial dilutions in triplicate on selective agar plates as described above. Plasmid transfer was determined as described above using PCR amplification with primers PN0041 and PN0042 (165 bp).

Recipient strains JJ2528, 56428, 56663C, and 56307C were selected for horizontal gene transfer coculture on agar. Donor-recipient cocultures were grown overnight on nonselective TSA plates using a modified published protocol ([@B21]). Horizontal gene transfer was confirmed by scraping, resuspending, and plating the coculture on doubly selective EMB agar plates as previously described. Plating and plasmid transfer confirmations were performed using the same methods as for *in vitro* broth cocultures.

*In planta* coculture experiment. {#s2.8}
---------------------------------

Commercial lettuce contains high numbers of colonizing bacteria ([@B22]), which would have confounded our analysis of plasmid transfer. We therefore grew a commercial variety of Lactuca sativa, commonly known as Buttercrunch lettuce (BCL), from seed in the lab as previously described ([@B23]). In short, plants were cultured in a plant growth chamber (MLR-352-PA; Panasonic), and conditions were adjusted to a 16-h photoperiod, 16 to 24°C, and 60 to 85% relative humidity (RH), to mimic field conditions ([@B24]).

Leaf discs were collected using a cap punch method in a 2.0-ml microcentrifuge tube, and then half of the discs were surface sterilized in 70% ethanol for 30 s to eliminate background leaf microbiota. The sterilized leaf discs were air dried, and 20 μl of either phosphate-buffered saline (PBS) (negative control), Ab^zeoR^ (donor), E. coli (recipient), or a 1:1 coculture of donor and recipient bacteria was drop-inoculated onto the surfaces of leaf discs and incubated overnight at 30°C. Each inoculum condition was used in duplicate. All bacterial cultures were normalized by absorbance (optical density at 600 nm \[OD~600~\] = 0.5) prior to inoculation onto the lettuce leaf discs. Bacterial inocula were verified by performing serial dilutions in PBS and plating in triplicate on TSA plates. Plates were incubated overnight at 30°C and 37°C for Ab^zeoR^ and recipient E. coli, respectively, and CFU were enumerated. Last, leaf discs were homogenized in 1 ml PBS, and serial dilutions of the lettuce homogenate were plated in triplicate on singly and doubly selective EMB agar plates as described above. Plasmid transfer was confirmed as described above using PCR amplification with primers PN0041 and PN0042 (165 bp).

*In vivo* colonization of mutant E. coli in mice. {#s2.9}
-------------------------------------------------

Female, murine-pathogen-free BALB/c mice, 8 to 10 weeks of age, were obtained from Taconic Biosciences. A total of 12 mice (6 mice per treatment group) were used for the *in vivo* study. Adapted from previous publications, mice were treated with 200 μl of 100 mg/kg clindamycin once daily via subcutaneous injection for 4 days starting 2 days before infection and continuing through 1 day postinfection ([@B25][@B26][@B27]). Sterilized leaf tissue was homogenized in PBS to a concentration of 0.33 g/ml, which was the maximum density that could be used without compromising proper function of the feeding needles. E. coli JJ2528^zeoR^ (isolated from the *in planta* assay) was mixed with the lettuce homogenate at the time of oral gavage to mimic consumption of produce contaminated with antibiotic-resistant bacteria. Mice were orally gavaged with 100 μl lettuce homogenate with or without 10^7^ CFU JJ2528^zeoR^.

One stool pellet per mouse was collected on days −2, 0, 1, 2, and 5 for CFU quantification. Additionally, mouse stool pellets were collected before oral gavage on day 0. All fecal samples collected on day 0 were collected immediately before infection. Fecal samples were collected between 7 and 10 a.m., as described by others ([@B28]). Fecal pellets were homogenized in PBS by vortexing at maximum speed for 5 min. Serial dilutions were performed and plated in triplicate on EMB agar with 100 μg/ml AMP plus 50 μg/ml ZEO, and the plates were incubated overnight at 37°C.

Eleven isolates were selected at random from the doubly selective plates from days 1, 2, and 5, and horizontal gene transfer was confirmed by plasmid purification and PCR. Plasmid DNA were extracted, PCR amplified for the zeocin resistance gene with primers LEE35 and LEE36 (250 bp), and visualized on an ethidium bromide gel. E. coli JJ2528^zeoR^ and E. coli DH5α^ampR^ served as positive and negative controls, respectively. These isolates were subcultured on chromogenic differential plates (Orientation; CHROMagar), and species identification was confirmed by Sanger sequencing of the 16S rRNA region (Genewiz).
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